Abstract Introduction: For three-dimensional (3D) imaging with magnetic resonance angiography (MRA) of the cerebral and cervical circulation, both a high temporal and a high spatial resolution with isovolumetric datasets are of interest. In an initial evaluation, we analyzed the potential of contrast-enhanced (CE) time-resolved 3D-MRA as an adjunct for neurovascular MR imaging. Methods: In ten patients with various cerebrovascular disorders and vascularized tumors in the cervical circulation, high-speed MR acquisition using parallel imaging with the GeneRalized Autocalibrating Partially Parallel Acquisitions (GRAPPA) algorithm on a 1.5-T system with a temporal resolution of 1.5 s per dataset and a nearly isovolumetric spatial resolution was applied. The results were assessed and compared with those from conventional MRA and digital subtraction angiography (DSA). Results: CE timeresolved 3D-MRA enabled the visualization and characterization of high-flow arteriovenous shunts in cases of vascular malformations or hypervascularized tumors. In stenoocclusive disease, the method provided valuable additional information about altered vessel perfusion compared to standard MRA techniques such as time-of-flight (TOF) MRA. The use of a nearly isovolumetric voxel size allowed a free-form interrogation of 3D datasets. Its comparatively low spatial resolution was found to be the major limitation. Conclusion: In this preliminary analysis, CE timeresolved 3D-MRA was revealed to be a promising complementary MRA sequence that enabled the visualization of contrast flow dynamics in various types of neurovascular disorders and vascularized cervical tumors.
Introduction
The ideal tool for imaging of the cerebral vasculature should possess the following features: high spatial and high temporal resolution, 3D volumetric information, a high signal-to-noise ratio (SNR), a broad and inexpensive availability, fast performance and an acceptable degree of safety. Digital subtraction angiography (DSA), still the standard of reference for cerebrovascular imaging, comes close to these objectives. However, as DSA is an invasive procedure, there is an accompanying low risk (<1%) of potentially disabling neurological complications [1] . Other disadvantages are high cost and x-ray dose exposure for the patient and the radiologist/staff.
Standard magnetic resonance angiography (MRA) using time-of-flight (TOF) techniques provides acceptable spatial resolution that is sufficient to diagnose a variety of disorders; however, it does not provide information on contrast flow dynamics that is important for the diagnosis and characterization of numerous cerebrovascular disor-ders, especially those with arteriovenous (AV) shunting, e.g., dural AV fistula (DAVF).
Two-dimensional contrast-enhanced time-resolved MR projection angiography (2D-MRPA) using complex subtraction yields images showing vascular enhancement at a high temporal resolution [2, 3] . This technique has proven to be highly effective for demonstrating neurovascular diseases, in particular DAVFs [4, 5] . However, the lack of volumetric information, the necessity for repeated injections of contrast medium in separately acquired planes (e.g., coronal, sagittal), signal cancellations along the slab, as well as superposition of different supraaortic vessels are important limitations.
Recently, parallel imaging techniques for MR data acquisition using multielement receiver coil arrays have been introduced. These are methods that partially shift the burden of spatial encoding from magnetic field gradients to parallel receive coils allowing faster image acquisition.
We implemented a 3D MRA technique using the GeneRalized Autocalibrating Partially Parallel Acquisitions (GRAPPA) algorithm for parallel imaging in order to achieve a sufficiently high temporal resolution [6] . We termed this method time-resolved 3D-MRA.
We aimed to evaluate this technique in comparison to DSA and standard MRA techniques, namely TOF-MRA and contrast-enhanced MRA (CE-MRA), to assess vascular diseases in the cervical and cerebral circulation, including vascular malformations, highly vascularized tumors and steno-occlusive disease. We present an initial evaluation of the comparative diagnostic role of isotropic 
Methods and subjects

Patients
Ten consecutive patients (four females and six males) aged 43-78 years (mean 59.8 years) were examined using timeresolved 3D-MRA as part of the standard MR examination protocol. The decision to perform an additional timeresolved 3D-MRA was made by an experienced neuroradiologist prior to the scan on the basis of the clinical findings and suspected disorder. DSA was performed in nine patients with various neurovascular diseases as listed in Table 1 . Nine patients underwent 3D-MRA using a TOF technique. In addition, for selected patients, a CE-MRA, a 2D-TOF venography or both were acquired.
MR protocol
Time-resolved 3D-MRA All MRI examinations were performed on a 1.5-T Avanto Scanner (Siemens Medical Solutions, Erlangen, Germany) equipped with a SQ gradient system (slew rate 200 T/s/m; gradient strength 40 mT/m). A 12-channel head coil was used for all MRI data acquisitions. The time-resolved 3D-MRA technique used during this study is based on a 3D radiofrequency (rf)-spoiled fast low angle shot (FLASH) sequence. A slab-selective rectangular rf pulse was applied for excitation and gradient timing was optimized to yield the following scan parameters: TR/TE 1.74/0.64, flip angle α 15°, bandwidth (BW) 1220 Hz/ pixel, field-of-view (FOV) 255×255 mm, matrix 128×128, slices/slab 56, slab thickness 123.2 mm, number of averages (NA) 1, phase resolution 100%, slice resolution 64%, phase partial Fourier factor 6/8, and slice partial Fourier factor 6/8. Parallel imaging was utilized using the GRAPPA algorithm along two dimensions. Beside spatial resolution (voxel volume) and signal acquisition time, SNR in parallel imaging also depends on the spatial arrangement of the coil array (geometry factor g), the acceleration factor R and the reconstruction algorithm [7] . Accordingly, increasing the acceleration factor results in a decrease in SNR, which parallels the increase in temporal resolution. With the given geometry of our 12-channel head coil, the SNR and reconstruction artifacts became critical beyond an acceleration factor of 6. An acceleration factor of 6 (acceleration factor of 3 and 30 reference lines along the phase encoding direction; acceleration factor of 2 and 16 reference lines along the partition encoding direction) was therefore selected as a trade-off between image quality and temporal resolution. The acquisition mode was sagittal with 29% slice over-sampling. Covering the entire head with these acquisitions, an in-plane resolution of 2.0×2.0 mm with a slice thickness of 2.2 mm and a temporal resolution of 1.5 s per 3D dataset were obtained.
For selected cases (n=3) where the exact position of the pathology was known from previous imaging and clinical data, targeted slab scanning was employed to focus on a region of interest. Maintaining the temporal resolution of 1.5 s per dataset, the number of slices per slab (32), the slab thickness (50 mm) and the FOV (210×210 mm) were changed to obtain an improved isotropic voxel size of 1.6×1.6×1.6 mm. Slice oversampling was increased to 88% to avoid infolding artifacts.
A single bolus of contrast agent (0.5 M gadolinium-DOTA) was administered using a power injector (20 ml, 3 ml/s). In total, a series of 25 3D datasets was acquired, where the acquisition of the first dataset was started simultaneously with the injection of the contrast agent bolus (TA 37.5 s). The first acquisition was discarded and the second dataset was used as a mask. Subsequently, magnitude subtraction was used to remove any background signal from the 3D volumes. Automated maximum-intensity projected (MIP) reconstructions were generated in standard planes (coronal, sagittal).
Spin-echo MR imaging, TOF-MRA/MR venography and CE-MRA
All patients underwent standard MRI examination of the brain consisting of T1-weighted spin-echo (T1-SE) scans before and after Gd-DTPA administration, a T2-weighted turbo spin-echo (T2-TSE) scan and diffusion-weighted imaging (DWI).
In For three patients, an additional high-resolution, wholebrain CE-MRA was obtained using a 3D rf-spoiled gradient echo (GRE) sequence (TR/TE 9/3.38, flip angle α 10°, voxel size 1.1×0.9×1.5 mm) as previously described [8] .
Intraarterial DSA Diagnostic biplanar intraarterial DSA (Axiom Artis, Siemens Medical Solutions, Erlangen, Germany) was performed after catheterization of the common, external and internal carotid arteries (CCAs, ECAs, ICAs) and of the vertebral arteries (VAs) with a 4F catheter via a femoral approach. In four patients, superselective catheterization of the external branches of the carotid artery was performed depending on the clinical setting.
Evaluation
Two experienced neuroradiologists in consensus evaluated images from all patients. Image analysis was performed in three steps. First, the conventional MR images including spin-echo T1 and T2 images, 2D-or 3D-TOF (or both) and, where available, CE-MRA, were analyzed and the main findings recorded. At this point, both observers were blinded to the findings of time-resolved 3D-MRA and DSA. All MR images were assessed on a 3D postprocessing workstation (Leonardo, Siemens Medical Solutions, Erlangen, Germany).
Second, images obtained from time-resolved 3D-MRA scans were assessed. Automatically in-line subtracted coronal and sagittal MIP reconstructions were used. In addition, observers had the opportunity to generate targeted MIP reconstructions along any desired obliquity. Any deviations from the conventional MR/MRA imaging findings (e.g., any additional or missing information) were recorded.
Third, DSA images were assessed as the standard of reference. If DSA was not performed (n=1), CE-MRA and/ or TOF-MRA served as the standard of reference. The investigators then recorded findings missing on the timeresolved 3D-MRA images in comparison to DSA images. DSA images were evaluated on hard copies created from standard and superselective series of each examination.
The criteria used for the evaluation of conventional MRA, time-resolved 3D-MRA and DSA images were dependent on the clinical findings and questioned abnormalities. If a steno-occlusive disorder was considered, the degree of venous or arterial patency, the direction of flow and the presence and pattern of collateral flow were chosen as criteria. In contrast, if disorders with AV shunting, e.g., DAVFs, were suspected, the presence and pattern of feeding arteries and draining veins, as well as alternation of venous outflow and the presence of reflux into cortical veins, were used as criteria for image evaluation. DAVFs were graded according to the classification revised by Cognard et al. [9] .
Results
All ten patients were categorized into three major groups of disease. All findings are summarized in Table 1 including (Fig. 1) . Standard MRI examination revealed large flow voids in the parasagittal occipital region that were suggestive of ectatic veins draining into the superior sagittal sinus; 3D-TOF MRA showed a prominent ipsilateral meningeal vessel. A complex DAVF was diagnosed on the basis of time-resolved 3D-MRA images showing three main feeders from the middle meningeal artery branches and the occipital artery with venous hypertension caused by cortical drainage via ectatic veins into the superior sagittal sinus (Cognard type 4). DSA verified the diagnosis; however, superselective catheterization of ECA branches allowed a more precise description of the arterial feeders and details of the cortical drainage pattern.
In a second patient (patient 2), 3D-TOF MRA showed areas of high signal intensity within the right transverse sinus that were of equivocal diagnostic relevance. Time- resolved 3D-MRA showed a DAVF at the right transverse sinus with antegrade venous flow (Cognard type 1) and arterial feeders from the right occipital artery. On DSA with selective injection into the right VA, small muscular branches originating from the V3 segment were identified as additional arterial feeders.
Two patients who had previously been treated for a DAVF by endovascular embolization were examined in the course of their post-interventional follow-up. Patient 3 had a DAVF (Cognard type 2a) at the junction of the right transverse/sigmoid sinus that had been occluded by transvenous coil embolization 1 year prior to the examination. Time-resolved 3D-MRA images showed occlusion of the right distal transverse sinus (Fig. 2) . In addition, early filling of its proximal part via feeders from the right occipital artery with subsequent venous cross flow to the contralateral side was observed indicating a recurrence of the DAVF. The fistula point was proximal to the entry site of the vein of Labbé that showed antegrade filling. On DSA images with superselective catheterization of ECA branches, two small feeding arteries originating from the right middle meningeal artery and the contralateral occipital artery were detected in addition to the findings obtained from time-resolved 3D-MRA.
Patient 4, with a cavernous sinus fistula (Barrow type C), showed a complete exclusion of the fistula on 3D-MRA images 10 months after transarterial embolization which was verified by DSA.
In patient 5, who presented with an acute onset of headache and diplopia, standard MRI revealed a large transmedullary vein extending from the subependymal white matter upwards into the superior sagittal sinus. Additional MR imaging was requested in order to exclude a mixed malformation that might be associated with an increased risk of hemorrhage. Both time-resolved 3D-MRA and confirmatory DSA provided sufficient information to rule out a high-flow AV shunt in this venous angioma. Compared to DSA and contrast-enhanced T1-weighted spin-echo images, a tiny caput medusae sign was not clearly visualized on images obtained from timeresolved 3D-MRA.
Steno-occlusive diseases
Three patients with different types of arterial and venous steno-occlusive disease were included in this group. Patient 6, who presented with long-standing symptoms suggestive of venous sinus thrombosis, was examined with standard MRI, TOF MR venography, whole-brain CE-MRA and time-resolved 3D-MRA (Fig. 3) . The 2D-TOF venogram did not reveal flow within the proximal part of the right transverse sinus (due either to occlusion or flow-related artifacts), whereas contrast enhancement within this part of the sinus was shown on the CE-MRA images. Venous blood flow was definitely indicated within the whole right transverse sinus on images obtained from an early venous dataset of the time-resolved 3D MR angiogram.
Arterial flow patterns in the posterior circulation were analyzed in two cases. In contrast to conventional MRA techniques, time-resolved 3D-MRA allowed the detection of flow direction in arterial segments adjacent to the site of stenosis or occlusion. Patient 7 underwent follow-up MRA imaging after endovascular coil occlusion for a dissecting aneurysm in the V3/V4 segment of the right VA (Fig. 4) . 3D-TOF MRA showed a loss of signal at the site of the coil-occlusion and a tiny perfused lumen of the right PICA. Although a direct visualization of the tiny right PICA was In patient 10 with a large paraganglioma at the jugular foramen with intra-and extracranial extension that had previously been embolized, time-resolved 3D-MRA demonstrated a strong arterial tumor blush and occlusion of the ipsilateral internal jugular vein. In addition, arterial feeders from ECA branches and venous drainage with retrograde flow in the sigmoid sinus were noted in accordance with findings obtained from DSA. Superselective DSA revealed multiple small feeders from different ECA branches, and small feeders from the VA (V3 segment), ICA (C5 segment) and PICA. 3D-TOF MRA did not differentiate arterial feeders. 2D-TOF MR venography showed signal cancellations within the ipsilateral transverse/sigmoid sinus presumably due to turbulent flow, as neither DSA nor timeresolved MRA revealed any obstruction or occlusion proximal to the tumor.
Discussion
Noninvasive time-resolved fast 2D-MRA imaging of diseases that present with AV shunting, e.g., DAVFs, AVMs or hypervascularized tumors, has proven to be a promising technique [4, 5, 10, 11] . However, inherent limitations of this technique are mainly due to the projective nature of the obtained images. In time-resolved 3D-MRA, required acquisition time is the primary limiting factor for developing a sequence that can provide sufficient spatial and temporal resolution. For example, in a recent report, a dynamic 3D-MRA study for the assessment of DAVFs yielded a temporal resolution of 4 s per dataset. This time frame allowed the separation of an arterial and a venous phase, but it was considered only marginally adequate for detailed study of cerebral AV dynamics in regard to the short cortical AV transit time of 5-7 s [12] .
Exploiting the advantages of parallel imaging techniques, we used a 3D sequence that covered the whole brain and resolved the AV transit time of a contrast bolus. Furthermore, to exploit fully the advantages of 3D imaging, a nearly isovolumetric voxel size was chosen, which allowed free-form interrogation of the dataset. The results from ten patients with different types of disease affecting the craniocervical circulation showed that time- resolved 3D-MRA is valuable as an adjunct to standard MRA techniques because it provides important additional information about the perfusion dynamics of cerebral vessels. An obvious benefit of the time-resolved 3D-MRA technique is the visualization of AV shunts in vascular malformations such as DAVFs. In our cases with AV shunting, time-resolved 3D-MRA provided additional information to standard MR imaging by showing the flow dynamics of these disorders. It was possible, for example, to determine the venous drainage pattern in DAVFs and to demonstrate dominant arterial feeders in these disorders. This is particularly relevant since the grading of venous outflow in a DAVF has been shown to be useful when estimating the individual clinical course of the disease [9] .
In patients with steno-occlusive disease, time-resolved 3D-MRA allowed the dynamic visualization of arterial and venous contrast flow. In a case of suspected venous thrombosis, the 2D-TOF venogram showed partial signal loss in the transverse sinus. Although standard MR venography techniques have proven to be valuable in cerebral venous thrombosis, the diagnosis can sometimes be challenging due to various limitations of these methods. In particular, the differentiation of a contrast-enhancing thrombus in chronic dural sinus obliteration from a patent sinus can be demanding in CE MR venography. Loss of signal due to slow flow or in-plane flow in TOF MR venography is a known pitfall of the 2D-TOF technique [8, 13] . In our case, flow in a transverse sinus was clearly demonstrated with time-resolved 3D-MRA. Thus, it may be a promising approach for imaging of venous thrombosis due to its ability to directly visualize the venous passage of a contrast bolus. Time-resolved 3D-MRA allowed depiction of arterial flow dynamics in two cases of occlusion in the posterior circulation, which revealed a suboptimal visualization on 3D-TOF MRA images due to saturation effects.
Time-resolved 3D-MRA was helpful in analyzing vascularization of tumors as demonstrated in two high-flow paragangliomas. In contrast to TOF angiography which suffered from signal cancellations presumably due to turbulent flow, the arterial and venous dynamics of the tumors were clearly depicted. In both lesions, strong early arterial filling indicated intratumoral high-flow AV shunting.
The target of an isovolumetric information was achieved at the cost of having an in-plane resolution poorer than 1x1 mm. The lower spatial resolution compared to 3D-TOF MRA and DSA can be limiting for the depiction of small arterial structures, e.g., poor visualization of a tiny arterial lumen (patient 7) and for depicting small peripheral veins. The use of targeted slab scanning may improve the voxel size if the location of the abnormality is known. This technique was applied in three cases, but results were not analyzed and compared in detail as part of this study. In comparison to DSA, time-resolved 3D-MRA does not provide the opportunity to obtain selective or superselective vessel catheterization. Therefore, the differentiation of arterial feeders could not be performed with the same accuracy; for example, a detailed depiction of the arterial supply of hypervascularized tumors was not possible (patients 9 and 10). For a more precise assessment of a single vascular structure or territory, to reduce superimposition of different vascular structures, e.g., arteries and veins, or separate arterial feeders individually placed, targeted MIP reconstructions may be of help. This approach was implemented for better characterization of an AV shunting pattern in a recurrent DAVF (Fig. 2b) .
High temporal and spatial resolutions as well as image analysis in different planes are important prerequisites for the precise characterization of complex neurovascular Superselective catheterization of an anomalous branch of the internal carotid artery demonstrates the origin of the feeding arteries diseases. Therefore, technical innovations, e.g., keyhole data sampling or the use of higher magnetic field strength, are of interest for the optimization of dynamic 3D-MRA. Two feasibility studies of the imaging of neurovascular disease with 3D time-resolved MRA implementations on a 1.5-T system using sensitivity encoding (SENSE) and on a 3-T system using GRAPPA have recently been reported [14, 15] . In contrast to our implementation, non-isovolumetric datasets were generated with comparatively high in-plane resolution but low slice thickness (0.8×0.8 mm inplane with a slice thickness of 6 mm at 3 T; 1.22-1.67×0.49-0.55 mm in-plane with a slice thickness of 7.5 mm at 1.5 T). Hence, the exploitation of 3D datasets using free-form interrogation for secondary reconstructions, e.g., to obtain individually placed targeted MIP reconstructions, was limited.
In conclusion, isotropic time-resolved 3D-MRA using the GRAPPA reconstruction algorithm provided valuable information about different types of neurovascular disease. It was possible to detect and, to a certain extent, classify vascular malformations. Visualization of AV shunting could be achieved not only at a large dural sinus, but also into cortical veins. From our initial experience with a small group of selected patients, time-resolved 3D-MRA does not have the potential to replace DSA in the initial imaging work-up of vascular malformations or hypervascularized tumors required for therapy planning/clinical management. We were not able to demonstrate benefits for therapy planning in this pilot study. However, apart from screening for DAVFs, time-resolved 3D-MRA might be considered as an alternative for follow-up imaging of endovascularly or surgically treated vascular malformations. In this area of application, it might help in the selection of at-risk patients and prompt further therapy by demonstrating venous hypertension in partially occluded DAVFs.
Using this technique as a non-invasive method for preselection, the number of follow-up DSA examinations after treatment might be reduced, and the use of DSA might be preserved for those patients with DAVFs who will most likely require further treatment. However, to prove these hypotheses, a major study with a larger and more homogeneous number of subjects that includes a statistical evaluation of data is required. Furthermore, in arterial and venous steno-occlusive disease this technique can, to some extent, provide additional information about contrast flow dynamics. Thus, this fast technique may be used as a simple and easy to implement add-on sequence in combination with standard MRA for problem-solving in various types of neurovascular disease.
